Previous work has shown that endogenous chemical mediators, of which histamine is the prototype, increase the permeability of blood vessels by causing gaps to appear between endothelial cells . In the present paper, morphologic and statistical evidence is presented, to suggest that endothelial cells contract under the influence of mediators, and that this contraction causes the formation of intercellular gaps . Histamine, serotonin, and bradykinin were injected subcutaneously into the scrotum of the rat, and the vessels of the underlying cremaster muscle were examined by electron microscopy . To eliminate the vascular collapse induced by routine fixation, in one series of animals (including controls) the root of the cremaster was constricted for 2-4 min prior to sacrifice, and the tissues were fixed under conditions of mild venous congestion . Electron micrographs were taken of 599 nuclei from the endothelium of small blood vessels representing the various experimental situations . Nuclear deformations were classified into four types of increasing tightness (notches, foldsl closing folds, and pinches. In the latter the apposed surfaces of the nuclear membrane are in contact) . It was found that : (1) venous congestion tends to straighten the nuclei in al groups ; (2) mediators cause a highly significant increase in the number of pinches (P < 0 .001), also if the vessels are distended by venous congestion ; (3) fixation without venous congestion causes vascular collapse . The degree of endothelial recoil, as measured by nuclear pinches, is very different from that caused by mediators (P < 0 .001) . (4) Pinched nuclei are more frequent in leaking vessels, and in cells adjacent to gaps (P < 0 .001) ; (5) mediators also induce, in the endothelium, cytoplasmic changes suggestive of contraction, and similar to those of contracted smooth muscle ; (6) there is no evidence of pericyte contraction under the conditions tested . Occasional pericytes appeared to receive fine nerve endings. Various hypotheses to explain nuclear pinching are discussed ; the only satisfactory explanation is that which requires endothelial contraction .
INTRODUCTION
Blood vessels may be induced to leak by several endothelium, such as may be produced by physical mechanisms (1) . Apart from direct injury of the trauma, the best known agents of vascular leakage ARTICLES are the so-called chemical mediators . These endogenous substances, of which histamine is the prototype, are especially important in that they are liberated within the tissues in almost every form of local injury . Their mechanism of action began to be clarified when it was shown that they cause small gaps to appear between endothelial cells (2) , particularly in the venules (3) . The ultimate step, however, remained to be established : that is, how the molecules of chemical mediators succeed in creating intercellular gaps .
This particular process has received very little attention, even though the basic fact, endothelial detachment, had been recognized or suspected long before the advent of electron microscopy (4) . In 1958, Miles reviewed several possible mechanisms (5) ; of these, the depolymerization of a presumed cement substance (6) was soon ruled out when electron microscopy failed to demonstrate a recognizable layer of endothelial cement . As far as we know, only one theory has been studied experimentally (7) : it held that the gaps were formed by an increase in hydrostatic pressure, secondary to a constriction of the larger veins (which contain smooth muscle) . This concept appeared especially plausible because it seemed to explain, at long last, an intriguing coincidence : the same substances that cause blood vessels to leak (histamine, serotonin, bradykinin) also induce smooth muscle to contract (8) . However, studies of living blood vessels in various laboratories, including our own (9-13), have shown that vascular leakage occurs independently of venous spasm . The hydrostatic theory of vascular leakage, as it was expressed, is no longer tenable .
In the meantime, another concept suggested itself. In reviewing electron micrographs of histamine-injected tissues, embedded and stained with the improved methods that became available after 1960, we noticed that some endothelial nuclei of leaking vessels appeared tightly folded, as if they had been forced into a more globular shape by cellular contraction (14) . The same occurred after serotonin and bradykinin . The phenomenon, clear enough per se, stood the test of statistical analysis . We are therefore proposing, as a mechanism of action for the histamine-type mediators, that contraction does occur, but in the endothelial cells themselves .' I Presumably this is the mechanism that Sir Ashley Miles had in mind, when he wrote ten years ago : "It is tempting to think of the outraged endothelial cell 648 THE JOURNAL OF CELL BIOLOGY • VOLUME 42, 1969
MATERIALS AND METHODS
Rat cremaster muscles were used, not only because they are rich in blood vessels, convenient to treat with mediators, and to fix, but also because their particular topography makes it easy to produce venous congestion . Fixation under mild venous congestion was adopted when it became apparent that the fixatives induced a constriction of the blood vessels, thus interfering with the experiment.
Venous congestion was produced at first by placing a small pneumatic cuff around the root of the cremaster . This method proved to be too traumatic, and was eventually replaced by a much simpler one, as follows . Under anesthesia with sodium pentobarbital (Diabutal, Diamond Lab ., Inc ., Des Moines, Iowa), 6 mg/100 g, the skin over the left groin was shaved and incised over the root of the cremaster, where the latter arises from the abdominal wall as a flattened tubular structure about 1 cm in diameter (hereafter referred to as peduncle) . By blunt dissection, a No . 31 Eberhard Faber rubber band was carefully drawn behind the peduncle, then looped within itself ; the loop was gently closed, but not tightened, around the peduncle . To produce venous congestion the loose end of the loop was given 6 full turns, and thus maintained for 2-4 min. It was found empirically that this method produced a reproducible, mild degree of venous congestion . Carbon black injected i .v. appeared very rapidly beyond the constriction ; complete blackening took a few seconds longer than on the control side. On whole mounts of the congested cremaster (without carbon injection) the capillary network was much better visualized than in noncongested controls, because red blood cells were present in most capillaries . By electron microscopy, many blood vessels cut in cross section were circular in outline, and contained blood ; a few remained closed . Extravasation of red blood cells was never observed . It was concluded that this form of venous congestion was strong enough to keep the vessels stretched during fixation without creating significant injury .
The rats were of the Sprague-Dawley (Holtzman) strain and weighed 250 to 350 g. Six rats were used as controls without congestion ; the cremasters were fixed in situ immediately after clamping of the blood supply (2) . Of these cremasters, 3 were fixed in 2 .5 or 3% glutaraldehyde in cacodylate buffer (2Y2 to 4 hr) and post-fixed in 2% osmium tetroxide in veronal buffer (2 hr) (15) ; one was fixed in osmium tetroxideveronal only, another in Trump fixative (16) and another in Karnovsky fixative (17) . Five additional cremasters were fixed in situ after venous congestion ; drawing in its skirts, and thereby exposing, at the intercellular junctions, more of an underlying filtration surface . . ." (5) fixation was in glutaraldehyde-cacodylate with postfixation in osmium tetroxide-Veronal . All these control animals received carbon black i .v . 3-6 min before sacrifice (Pelikan "biological ink", 0 .1 ml/ 100 g body wt. ; John Henschel and Co ., Inc ., Farmingdale, L .I ., N .Y .) .
In 9 rats a chemical mediator was injected subcutaneously in the scrotum, carbon black was given i .v ., and the animal was sacrificed 3-6 min later (without venous congestion) . The mediators, dissolved in saline, were : histamine phosphate (Eli Lilly and Co., Indianapolis, Ind.), 0.1-0 .05 ml of a 0 .1 mg/ml solution (4 cremasters fixed in glutaraldehyde-osmium tetroxide, 1 in osmium tetroxide alone, 1 in Karnovsky fixative) ; bradykinin triacetate (Sigma Chemical Co., St. Louis, Mo .) . 0 .05-0.1 ml of a solution containing 0.05-0 .1 mg/ml (Karnovsky or Trump fixation) ; and serotonin creatinine sulfate (Nutritional Biochemicals Corp ., Cleveland, 0 .), 0.1 ml of a 0.1 mg/ml solution (Karnovsky fixation) .
In 5 rats the chemical mediator was administered in conjunction with venous congestion : the peduncle was surgically prepared as described, carbon was given i .v . and the mediator was injected locally ; 2-3 min later venous congestion was started and continued for 2-4 min ; then the peduncle was clamped and fixation was accomplished in situ as usual . It would have been possible to reverse the protocol and to start the venous congestion before injecting the mediator .
However, pilot experiments showed that in 15 min venous congestion alone can produce some degree of vascular leakage (possibly as a result of mast cell degranulation and liberation of endogenous mediators) . We therefore chose the sequence that would allow us to obtain the desired effect of the congestion (filling and slight distension of the blood vessels) within a time short enough to avoid significant side effects.
All tissues were dehydrated in graded alcohols, embedded in Epon 812, cut with an LKB Ultrotome, stained with a saturated solution of uranyl acetate and Reynolds lead citrate (18), and examined with a Philips EM 200 electron microscope .
EXPERIMENTAL PROCEDURES AND RESULTS
Since the principal aim of this study was to compare the profiles of two populations of nuclei, the first steps were (a) to collect representative samples of nuclei, and (b) to establish criteria for their comparison .
A total of 599 nuclei were assembled, by scanning whole grids from treated animals as well as from controls, and photographing all the endothelial nuclei in small blood vessels (capillaries, venules and arterioles) . We eliminated all the nuclei deformed by artefacts, overlapping the edge of the grid, or represented only by a grazing section . The electron micrographs were taken as often as possible at the same enlargement (7,500 X on the EM screen, enlarged 4 X by printing) ; the different types of indentations were then marked on the prints and counted . The nuclei were subdivided as follows : noncongested controls, 100 ; congested controls, 118 ; histamine alone, 92 ; bradykinin or serotonin, 105 ; histamine plus congestion, 149 ; bradykinin plus congestion, 35 .
Classification and Significance of the Nuclear Indentations
A preliminary survey showed that all indentations in the nuclear profile could be reduced to four types, that could also be considered as roughly corresponding to four degrees of nuclear compression . Despite some overlap, these types, shown in the scheme (Fig. 1) , were usually easy to identify : (A) Notches, i.e . shallow indentations with converging sides ; (B) Folds, with parallel sides ; (C) Closing folds, the same but narrower at the mouth ; (D) Pinches, i .e . folds pressed together so tightly that the opposing faces of the outer nuclear membrane came in contact ; this could extend along the entire length of the fold, or occur only at the neck . Occasionally, the lips of the fold seemed to have been forced against each other even more tightly, so that the gutter-shaped area of outer nuclear membrane lining the deep part of the fold had been "pinched off" ; then, by fusion of the margins, the pinched-off portion had given rise, in cross section, to a circular profile (Fig . 1 , bottom right ; see also Figs . 12, 15) .
After we had thus classified the various types of nuclear deformations, our next step was to verify their incidence under different experimental conditions . To this purpose, on each electron micrograph, each nuclear indentation was labelled according to its type (in case of doubt, the lower-ranking designation was applied) . Thereafter, the electron micrographs were separated into four groups corresponding to the four main experimental situations (animals injected with mediator, with or without congestion ; controls, with or without congestion) ; and the total number of deformations was counted in each group . The results, expressed as number of deformations per 100 nuclei, are shown in Table I obvious, however, especially as regards the "pinches" : their occurrence is so low in controls (particularly after congestion) and so drastically increased after injection of mediators, that the pinches come close to representing a specific change, and thus the easiest to detect even before resorting to quantitative methods .
STATISTICAL STUDIES : For the reason just mentioned, and for simplicity, we restricted our further statistical inquiry to the significance of the pinches. The nuclei of the various experimental groups were classified in fourfold contingency tables, on the basis of their distribution according to two dichotomies (control and treated ; with and (Tables II-IV) . In Table IV , because of a low value in one "cell", Yates' correction for continuity was applied (20) . The significance of all the associations tested was uniformly high (P < 0 .001) .
The findings in each experimental group will now be described in greater detail .
Controls
WITHOUT CONGESTION : In general, the blood vessles were collapsed or contained very little blood (Fig . 2) ; some were completely closed, their lumen being reduced to a virtual slit (this seemed to occur especially with Trump and Karnovsky Data expressed as number of deformations per 100 nuclei fixatives) . In this case the nuclei were invariably thrown into folds, usually multiple (Fig . 4) . Otherwise, most endothelial nuclei were irregular in outline : only 3 in 100 were free of significant indentations, whereas folds, closing folds, or pinches were present in approximately four of every five nuclei (Table II, top) . WITH CONGESTION : Avery different picture emerged from the congested controls : the nuclei were much smoother in outline (Fig . 5) , a difference that also was obvious at a cursory look . The number of "folded" nuclei was one in five, whereas it had been four in five without congestion (Table  II) . The number of notches per 100 nuclei dropped to 108, whereas it had been 622 without congestion ; and pinches per 100 nuclei dropped from 11 to barely 2 (Table I) .
Animals Injected with Mediators
Whether the rats had been injected with histamine, serotonin, or bradykinin, the results con- When the vessels are previously distended by venous congestion, the mediators cause a significant increase in all types of nuclear indentations ; the most striking increase affects the pinches (from 1 .7 to 48 .4 per 100 nuclei) . For the purposes of this table, the nuclei were subdivided into two groups according to the degree of indentation : smooth (i .e . free of indentations, or with nothing more than "notches") and folded (i .e . showing "folds", "closing folds" or "pinches") .
Smooth Folded nuclei nuclei cerning the nuclei were qualitatively the same, and will therefore be described together .
WITHOUT CONGESTION : A low-power survey showed many vessels altered in the manner Normal controls (100 nuclei) Congested controls (118 nuclei) 22 100 78 18 X 2 = 86 .46 Degrees of freedom = 1 P' < 0.001 FIGURE 9 Normal blood vessel, collapsed, fixed without venous congestion . The indentations of the endothelial nucleus (N) are typical for a vessel in the collapsed state . Each indentation is labeled, to exemplify the nomenclature : n = notch, f = fold, c = closing fold ; pinches are absent. (The vessel is probably an arterial capillary : the pericyte (P) forms an almost complete sheath, and in parts resembles a smooth muscle cell; the lumen (L) is surrounded by 4 cells, a high number for a true capillary .) Fixation : Glutaraldehyde 3'/O -cacodylate-sucrose, postfixation Os04-Veronal .
that is characteristic for histamine-type mediators (2) : deposits of carbon black were present between the endothelium and the basement membrane, indicating that carbon-laden plasma had escaped across a gap in the endothelium (e .g . Figs . 8, 9) ; in some venules the typical gaps between endothelial cells were visible, either open or plugged 6 5 2 THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 by a platelet (Fig . 7) . Nuclear changes were most striking in these leaking vessels : many endothelial nuclei bulged conspicuously into the lumen, much more so than in the controls (Figs . 6-8) and their overall shape was more rounded than normal . Both changes were quite obvious, even though it would be difficult to translate them into quantita- FIGURE 3 Wall of a normal venule, fixed without congestion . The nucleus (N) shows the irregular outline typically found in collapsed vessels ; it includes 13 notches (n) and 7 folds (f) . No pinches. Fixation : Glutarald . 2 .5%-cacodylate, postfixation OsO4-collidine . tive data . Closer inspection showed that some nuclei were indented by as many as 5 to 8 pinches (Figs . 6, 7, 9 ), a number never seen in noncongested controls (where the highest count was 3, observed once only) . More than half of the nuclei showed one or more pinches, whereas in noncongested controls only one in ten of the nuclei showed a pinch . Many pinches were so tightly pressed that they appeared as fine slits (Fig . 7) easily overlooked when scanning at low powers . Short bundles of fibrils were sometimes closely applied to the nucleus, either as a single strand of uniform density, or with patches of denser material at irregular intervals (Fig. 6) .
Other changes were found outside the nucleus . The base of some cells gave rise to structures resembling pseudopodia, particularly in the region underlying the nucleus (Figs . 6-8) ; and often the cytoplasm contained circular profiles consisting of two parallel and concentric membranes . These curious profiles were present in all the mediatorinjected specimens, whether congested or not . To explain them we see two possible mechanisms : (a) in some cases we may assume the sequence of events reconstructed in Figs . 6 and 7 : as the cyto-6 54 THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 plasm flows during cellular contraction, it deforms some cisternae of ER, causing them to assume a concave shape . A grazing section of this concavity will yield a circular profile (Fig . 14) . (b) When the circular profiles appear free of ribosomes, and lie beneath the nucleus (e .g . Fig . 16 ), they may represent infoldings of the cell membrane, i .e . cross sections of former pseudopodia (such as shown in Figs. 7, 17, 18) surrounded by the bulk of the cytoplasm now flowing into the subnuclear bulge . WITH CONGESTION : In essence, the findings were the same as in the group just described, though the venous congestion had attenuated certain features and accentuated others . As expected from the study of the controls, the congestion had the effect of "straightening out" many of the nuclei : the fraction of nuclei with pinches dropped from I,2 to )3, but the difference between nuclei of experimental groups and controls remained highly significant (Table IV) . The bulging of endothelial cells, though diminished, was still obvious : Figs . 10 and 11 compare two venules of similar size ; both venules were submitted to venous congestion, whereas the second was submitted also to the effect of histamine : in the control (Fig . 10 ) FIGURE 6 Venule, 6 min after histamine ; fixation without congestion . The nucleus is rounded and bulges into the lumen (above) . Note the narrow folds in the nuclear membrane : of the 8 folds visible, 7 are of the tightest variety (pinches) . In this nucleus they are especially conspicuous because the section courses through the denser peripheral part of the nuclear chromatin. White arrows point to a juxtanuclear band of fibrillar material, including "dense bodies" at fairly regular intervals . Black arrows : "dense bodies" in a pericyte (P) . Bracket : a portion of the endothelial cell (E) is bulging outwards through a discontinuity in the pericyte sheath . The bulge includes a buckled cisterna of endoplasmic reticulum ; cross sections of such deformed cisternae give rise to circular profiles (see also Figs . 7, 8, 14, 16 ) . Fixation : Glutarald. 3% cacodylate, postfixation OsOa-veronal . the endothelial cell, though thicker where it con-centripetally to gather around the nucleus (see tains the nucleus, does not actually bulge into the also Figs . 12 and 14-18) ; the difference from the lumen . In this group the sub-nuclear cytoplasm is controls (Fig . 5) In several instances the subnuclear area also contained a faintly fibrillar material, forming an indistinct juxtanuclear band, either uniform or with the denser patches (Fig . 19 ) already described (Fig. 6) ; occasionally, this band seemed connected to a dense patch of cytoplasm against the basal plasmalemma ( Fig . 19) , a structure resembling the half desmosomes described by Stehbens (19) in the endothelia of blood vessels and lymphatics in the frog . Lastly, the subnuclear zone was often indented by folds of the plasma membrane (Figs . 17,   19 ) such as were never seen in controls .
DISCUSSION
Our principal finding is a change in shape of certain endothelial nuclei, after injection of a histamine-type mediator ; from this (and other) evidence we argue that the corresponding endothelial (Table   II) . Similar deformations occur in other cell types :
it has long been known that the nuclei of smooth muscle become folded and twisted as a result of contraction (21-23) . Nuclear folds have been described in contractile cells that surround the seminiferous tubules in man (24) and they are obvious also in contracted skeletal muscle (Fig . 20) . The geometric reason for the appearance of folds is simple enough : for a given surface area, the shape that allows it to enclose the largest volume is the sphere. If an oblong nucleus is compressed into a near-spherical shape, this change entails an economy of surface membrane, and the excess membrane is thrown into folds . ' When the nuclei of normal control vessels, fixed in routine fashion, are examined in the light of the facts just discussed, one is forced to conclude that almost all endothelial cells are represented in a state of recoil (be it active or passive) . This raises the question of a possible fixation artefact, i .e ., vascular collapse or spasm induced by fixation . 3 2 In theory, the nuclear deformations could also represent the effect of intrinsic nuclear contractility, but this is a very unlikely hypothesis. Suffice it to mention that morphologic evidence of overall cellular contraction is found outside the nucleus (see section entitled "Other Morphologic Indications . . .") . 3 The effect of fixation on living capillaries was ob-66 0 TsE JOURNAL OF CELL BIOLOGY • VOLUME 42, 1969
Smooth muscle does contract when placed in fixative (25) ; this occurs typically with arteries (26, 27) and there are good reasons to believe that served by Dr . Eugene Landis at Harvard Medical School (unpublished experiments) . The mesentery of the living, pithed frog was carefully exposed, a capillary field was brought under the objective of a microscope, and after a control period Palade's osmium tetroxide-Veronal fixative (with 2% OSO4) was poured onto the tissue . The sequence was recorded by a movie camera, then analyzed frame by frame . There was no visible change in the caliber of the capillaries . (We are indebted to Dr . Landis for allowing us to mention these data) . This observation suggests that, in the case of the frog mesentery, fixation is rapid enough to preserve the shape and caliber of the capillaries. However, the frog mesentery is extremely thin (of the order of 15 µ, or about 20 times less than the cremaster muscle) . Fixation of thicker tissues, of course, cannot be as rapid : witness the prolonged twitching that occurs during the fixation of striated muscle. capillaries also tend to contract : unless venous congestion is applied, the lumen almost never appears round in cross section (Figs . 2, 4) . It is very unlikely that this preponderance of closed, narrowed or angular lumina should represent the conditions prevailing in vivo . Capillaries observed in the living state give the definite impression that the lumen is cylindrical ; when cerebral vessels are fixed by perfusion under physiological pressure, they appear "slightly distended" (28) . Though we cannot offer definitive proof, we believe that the shape of our blood vessels fixed with mild venous congestion is more nearly representative of the living condition than the shape obtained by routine fixation . If this is true, and it seems almost inevitably so, then certain details of vascular ultrastructure and function may have to be revised e .g., we noticed that the so-called endothelial flaps, considered a normal feature of capillary endothelium (29), all but disappeared in distended vessels (in 50 random electron micrographs on noncongested control vessels, at least 20 structures qualified as flaps ; in 50 micrographs of congested controls, not a single flap was found) .
A contraction of endothelial cells (and vessels) induced by fixation is bound to interfere with the detection of endothelial contraction possibly induced by chemical mediators : hence our decision to fix in two ways, i .e ., with and without venous congestion . The series with congestion, admittedly a complicating factor, may be accepted as reliable, for the following reasons : (a) the degree of congestion was relatively mild ; extravasation of red blood cells and vascular leakage were never observed ; (b) congestion was also applied to the controls ; (c) congestion would tend to erase, rather than to exaggerate, our results, by opposing endothelial contraction ; (d) this would apply especially to the experimental series, in which some congestion occurs anyway (as an effect of the mediator) ; and (e) the results were equally significant in the noncongested group (Tables III, IV) .
Passive Recoil Versus Active Contraction
We have concluded that the shape of the endothelial nucleus allows certain assumptions as to the state of the cell, whether stretched or "recoiled" . The next step is to explore the possibility that the nuclear deformations may differ by degree, or by quality, so as to allow a further distinction between an elastic recoil and an active contraction induced by mediators. This was our main reason for subdividing the main types of nuclear identations into four groups which were thought to represent increasing degrees of nuclear shortening and compression : notches, folds, closing folds, and pinches (Fig . 1) . It was our hope that through this classification we would find a pattern characteristic of the histamine-type effect. In this search we were partially rewarded, because the pinches are rare enough in the controls to be highly indicative whenever encountered (Table I ) . The other types of deformations, considered as a group, may be taken as an index of vascular collapse (Tables I,  II) , but not of the histamine-type effect . This relative specificity of the tightest folds (pinches) suggests that there are two degrees of cellular "recoil" : An alternative hypothesis could be that the cellular tone, and a more powerful degree reflect-nuclear changes always reflect passive recoil : if the ing active contraction .' III) . The maximum number of pinches ever observed in a single control nucleus was 3 . After 4 The term "relative specificity" requires further histamine, or another mediator, the number of comment. Some pinches occur also in controls : after pinches in a single nucleus could be as high as 7 or 8 . routine fixation, without venous congestion, approxi-We may therefore speak of "specificity" in terms of mately one out of 10 nuclei shows a pinch (Tables I,  pinches per FIGURE 17 6 ruin after histamine; fixation with congestion . Despite the congestion, the cell is bulging into the lumen ; the nucleus shows several pinches, one of which is extremely tight (arrow) . The subnuclear zone is particularly rich in ribosomes, that again tend to spare a juxtanuclear band . CF = a deep cytoplasmic fold ; X = circular profiles, representing either ER or plasma membrane as in Fig . 16 . Fixation : Glutarald . 3%, postfixation OsO4-collidine .
primary effect of the mediators were that of loosen-lular junctions is certainly possible, although no ing the intercellular junctions, the endothelial cells direct evidence is at hand . The only data known to might be allowed a high degree of elastic r ecoil . u s that might conceivably hint to an effect on That the mediators may also loosen the intercel-junctions are those obtained by Berndt and Gos- Nuclei with "Pinches" * The effect of histamine, bradykinin, and serotonin being qualitatively the same, the results may be combined . We have sought a loosening effect in vitro by incubating cremaster muscles in oxygenated KrebsRinger medium with glucose, in the presence of histamine ; under these conditions the lumen of the vessels collapsed, but not a single gap was found . This experiment, per se, cannot disprove an effect on the interendothelial junctions, but even if these were loosened a significant passive recoil of the cells is out of the question : the intercellular gaps are very small (rarely reaching I µ in diameter) and the dimensions of the endothelial cell are of the order of 10 X 30 µ (31) . A passive recoil, if it existed, would be so small that it could not possibly account for the drastic nuclear deformations that we have seen . In summary, the most plausible interpretation of the nuclear pinches is that the endothelial cells have contracted .
Relationship Between Nuclear Pinching and Vascular Leakage
While it is readily apparent that a folded nucleus should represent a shortened cell, it remains to be proven that a shortening of the cell may produce vascular leakage. The best we can do, on the basis of electron micrographs, is to infer guilt by association, as follows .
G . MAJNO First, there is a significant association between nuclear pinching and vascular leakage (Table V) . To demonstrate it we chose one experimental series in which there would be vascular leakage (histamine or bradykinin, plus congestion) and subdivided all the nuclei into two series : with and without pinches . Then the corresponding vessels were examined for evidence of leakage, i.e ., intramural deposits of carbon . The nuclei of one entire series (histamine or bradykinin, with congestion) were subdivided into two groups : with and without pinches . Thereafter the corresponding vessels were examined for evidence of leakage, i .e ., intramural deposits of carbon black . The table shows that vessels could leak whether the nucleus (in that particular section) was pinched or not ; but leaking vessels contained more pinched nuclei .
* determined by the presence of intramural carbon X 2 = 26 .004 Degrees of freedom = I P < 0 .001 The nuclei of one entire series (histamine or bradykinin, with congestion) were subdivided into two groups : with and without pinches . Thereafter the intercellular junctions of the corresponding endothelial cells were examined (presence or absence of a gap) . This table shows that an intercellular gap could exist, whether the nucleus (in that particular section) was pinched or not ; but if the nucleus was pinched, the chance of its cell's being detached was greater . Nuclei with pinches (56 nuclei) 38subdivided into two series, with and without pinches ; then the corresponding endothelial cells were examined for the presence or absence of a gap at the intercellular junction . Table VI shows that an intercellular gap may exist, whether the adjacent nucleus (in that particular section) is pinched or not ; but if a nucleus is pinched, it is likelier to occur in a "detached" cell .
We may conclude that the phenomenon of nuclear pinching must be closely related to the formation of endothelial gaps and to the ensuing vascular leakage .
Other Morphologic Indications of Endothelial Contraction
In addition to the nuclear pinches, other evidence points to a shortening of the endothelial cells : (a) The nucleus tends to bulge (i .e . to form a convex surface) towards the lumen of the vessel, even if venous congestion is applied (Figs . 11, 17 ) .
(b) The cytoplasm tends to accumulate in the center of the cell, below the nucleus (e.g., Figs. 11, 14, 15, 18 compared with Figs . 5, 10) . There is evidence that the cytoplasm "flows" into this zone, e .g . the preferential accumulation of ribosomes, the smallest organelles (Figs. 15-17) , and the deformation of cisternae of ER, giving rise to unusual circular profiles as in Figs . 7, 8 , 12, 14 (only three of these were seen in controls) . (c) The subnuclear cytoplasm is sometimes thrown into folds, recalling the nuclear pinches (Figs . 16-18 ) . Cellular protrusions also arise from this area (e .g., Figs. 6-8, 15, 19) . Neither folds nor protrusions were ever seen in a control ; on the other hand, both are characteristic of contracted smooth muscle cells (22, 23 ) which acquire such a jagged outline, even by light microscopy, that they were given the name of "spiny cells" (Stachelzellen (22, 23) ) .
Problems Raised by the Endothelial Contraction Hypothesis
While the facts discussed above, taken as a whole, weigh heavily in favor of endothelial contraction, several questions remain to be answered :
(1) Why is it that not all endothelial nuclei show signs of contraction? Of course it is conceivable that a nucleus, though pinched, could be cut at such an angle as not to show any indentation ; however, the number of pinches per nucleus (as seen in cross section) does not follow a random Poisson distribu- Degrees of freedom = 9 P < 0 .001 tion (Table VII) . There are too many nuclei without pinches, and there are too many nuclei with more than four pinches, which suggests that there may be more than one population of endothelial cells . A spotty distribution of contractile cells would actually help to understand the focal, rather than diffuse, distribution of the vascular leaks (3) .
(2) If the venular endothelium contracts, why is there no constriction of the lumen? Actually, where a cell does contract and bulge, a localized restriction of the lumen necessarily occurs (though not accompanied by a reduction of the outer caliber) . As to the outer caliber, if cellular contraction occurred along the axis of the vessel, there would be no constriction . There would be either no change, or even a dilatation . This has been specifically observed in vivo : Sanders, Ebert, and Florey (32) described a longitudinal "swelling of the endothelial nucleus" along the axis of a capillary, with restriction of the lumen but no change in the outer caliber . Since the endothelial cell is elongated along the axis of the vessel, we may speculate that its contractile system is predominantly oriented in the same direction .
(3) Why is the leakage localized preferentially in the venules? This question, once again, must remain unanswered . Nuclear pinches and some leakage occurred also in capillaries ; however, the proportion of "pinches without leak" was higher in the capillaries . The only conclusion offered by our data is that endothelial contraction in the capillaries does 6 6 8 THE JOURNAL OF CELL BIOLOGY • VOLUME 42,1969 not have the same disrupting effect as in the venules ; the reason may lie in a different degree, or different manner, of contraction ; or in a physical mechanism, related to the smaller diameter of the vessel (an example of such mechanism is offered by the Law of Laplace (7) : for equal internal pressures, the tangential force tending to disrupt the vascular wall is greater in the larger vessels) ; or perhaps, more simply, the intercellular junctions of the venules are more easily torn apart than those of the capillaries . Ultrastructural differences have not yet been described, but it is well established that venules are physiologically more permeable than the capillaries (see 29), which may mean that their interendothelial junctions are looser . (4) What is the contractile mechanism? All cells, to some extent, have the capacity to change shape and thus to contract ; however, endothelium may be endowed with more than this baseline capacity . Using fluorescein-labeled antibodies, Becker and Murphy found that endothelial cells contain actomyosin similar to that of uterine smooth muscle (33) . A structural equivalent of actomyosin in the endothelium is not yet known ; it might be represented by the fibrils (34) (Figs . 6, 19 ) or by the microtubules that are often observed (35) . Periodically banded fibrillar structures have also been described recently (36, 37) but we found only 2 in about 1000 electron micrographs. In our material, an ill-defined zone of fibrillar structure was often visible beneath the nucleus ; in Number of nuclei expected some instances this zone also showed "dense bodies" (Fig . 19 ) similar to those of smooth muscle, which have been considered analogous to the Z band of sarcomeres (25) . Smooth muscle and endothelium are in effect closely related cell types, by histogenesis as well as by morphology (29) . It should also be kept in mind that a contractile mechanism may be present with little or no morphologic equivalent recognizable by present methods : e .g., platelets contain thrombosthenin, a contractile system of the actomyosin type ; this amounts to 15-20 per cent of the platelet protein (38) yet none of the platelet structures can be described as possibly contractile, with the exception of the few microtubules . THE PERICYTES : We searched for evidence of pericyte contraction, but found none . Nuclear pinches were exceptional, in the experimental as well as in the control series . Yet it was obvious that the body of the pericytes resembled smooth muscle more closely than did endothelium ; fibrillar masses devoid of vesicles or ribosomes were more frequent, and so were denser masses that could be interpreted as attachment bodies (Fig .  16) . Often the pericyte processes were darker, i .e . more electron-opaque, than the endothelium (Fig .  14) ; one is reminded that, in smooth muscle, contracted cells (the Stachelzellen) are consistently darker than the relaxed cells (22, 23) . This apparent discrepancy may mean only that the pericytes do not respond to the agents tested . However, one should also bear in mind that the peculiar shape of these cells might not allow them to deform their nucleus even if they did indeed contract . Pericytes are much longer than endothelial cells (39) ; their slender processes, structurally similar to smooth muscle, are embedded in the basement membrane (29) . Contraction, if it occurs, probably takes place in these processes, most of which are relatively remote from the nucleus . The ultimate effect would be a local constriction of the vessel (or an increased pressure within the same) rather than an overall shortening of the pericyte body, and of its nucleus .
An unexpected finding, which requires confirmation, was the close relationship between pericytes and profiles similar to very fine axons (Figs .  12, 13 ) . Though they cannot be common (only three were found, incidental to this study), they offer new hope for a physiology of the pericytes, a chapter which is almost completely blank (29) .
CORRELATION WITH LIGHT MICROSCOPIC FINDINGS : The debate on endothelial contractility is about a century old (40) . In Krogh's monograph, capillary contractility was considered an established fact (40) . The contractile elements were thought to be the "Rouget cells" rather than the endothelium . 5 Later investigations, particularly those of the Clarks (41, 42) and of Sandison (43) , brought about the notion that contractility depends on the endothelium, but occurs in amphibian capillaries only ; no significant contraction was seen in capillaries of the rabbit ear chamber . The Clarks conclude that "there may have been an evolutionary loss of contractile power of vascular endothelium from invertebrate to mammal associated with the development of a highly differentiated muscular layer in the arterioles (42) ." Zweifach confirmed the contractility of the endothelium in a micromanipulative study of frog capillaries (44) : "The endothelial cells could be readily stimulated by prodding their nuclear thickenings whereupon the cell would contract . Each endothelial cell was capable of contracting independently of its neighboring cells . The stimulated cell drew its ends closer to the nuclear thickening, which bulged into the lumen ." The same author also mentions that histamine causes endothelial swelling (45, 46) , but the experimental details are not given .
Sanders, Ebert, and Florey took issue with the statement that mammalian capillary endothelium does not contract (32) . Using the rabbit ear chamber, they noticed spontaneous, active changes in the caliber of the capillaries due to a "swelling of the nucleus" and this effect could be brought about at will by stimulation of the sympathetic chain .
These observations on "nuclear swelling" in vivo presumably refer to the same phenomenon that we described on electron micrographs as "bulging of nuclei" in contracted cells . Pinches, of course, could not be seen in vivo : they are altogether beyond the range of light microscopy . Further studies on the mammalian microcirculation in vivo are needed, to establish which stimuli are able to induce endothelial contraction and "bulging," in which types of vessels, and in how many endothelial cells .
CONCLUSION : At this time, we visualize the 5 The Rouget cells are probably to be identified with our pericytes ; however, Krogh was not inclined to make this identification, feeling that Zimmermann's morphologic study of pericytes, now recognized as a classic (29), "did not inspire complete confidence" (p . 82) . 
